PROCESS CONTROL OF TOLERANCE RI NGS FI ELD OF THE DI SCLOSURE The

di sclosure relates to process control of tolerance rings for nmounting

bet ween maDiI2n/demTer and outer conponents. 5 BACKGROUNDPCT/IB2009/b075€2 known
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SUMMARY

One method for determining initial slip force measures the peak force (known as peak
assembly force) required to move a plug gauge within a pre-assembly of a tolerance ring and a ring
20  gauge. A sample of manufactured tolerance rings is tested in this way and, if the peak assembly force is
determined to be outside acceptable margins, the manufacturing process is adapted to compensate so

that subsequently-produced tolerance rings provide peak assembly forces within acceptable margins.

However, the peak assembly force can be influenced by features of the assembly such as
elastic deformation, plastic deformation, roughness and out-of-shape effects, none of which influence
25  axial slip force. For example, it has been found that a peak in assembly force can occur when the head
of the plug gauge initially contacts a projecting ridge of a tolerance ring and energy is required to
deform the ridge to enable the gauge to slide over it. This effect is not experienced when the tolerance
ring is assembled and in use, and so it is unrelated to initial slip force. It has also been found that peak
assembly force is affected by pre-assembly surface treatment steps such as passivation. Since it is
30  preferable to apply process control measures to tolerance rings before surface treatment to ensure that

errors in the process are detected as quickly as possible, the effect of surface treatment steps on the
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assenbly force is affected by pre-assenbly surface treatnent steps such as
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(d) measuring a force required to achieve the continued movement at step (c); and
20 (e) using the force measured at step (d) for process conirol.

In the prior method discussed above, the plug gauge is passed through a tolerance ring
constrained within the ring gauge so that the leading edge, i.e. the advancing edge, of the ring contact
surface travels from one side of the tolerance ring to the other. The maximum force (peak assembly
force) required to achieve this movement is measured and is taken to be representative of the initial slip

25 force.

‘ In the first aspect, however, the assembly force required to continue movement of the moving
component (inner or outer component) beyond the projections of a constrained tolerance ring is
measured and used in process control. The process control may be process control of a method of
manufacturing tolerance rings, the constrained tolerance ring being a sample tolerance ring

30  manufactured according to that manufacturing method. The process control may be statistical process
control, and the method may include performing statistical analysis on the force measured at step (d).
For example, the method may include the step of compiling a process control chart including the force

measured at step (d). Steps (a) to (d) of the process control method may be carried out for each of a
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The correlation between assembly force (remaining assembly force) and initial slip force may
be determined based on empirical data obtained by experiment. For example, a sample of tolerance
rings may be tested to determine both the assembly force (by the above method) and initjal slip force

30  (by known methods), and the resulting data used to establish a relationship between the two

parameters.

In the first aspect, after the moving component has encountered the projections of the
tolerance ring, it continues to travel so that it protrudes beyond the projections. In the continued
movement, the moving component may protrude beyond all of the projections. For example, in cases

35  where the tolerance ring has a plurality of rows of projections, the moving component may continue to
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30 Each projection of the tolerance ring acts as a spring and exerts a radial force against the
mating components, thereby providing an interference fit between them. Rotation of the inner or outer
component will produce similar rotation in the other component as torque is transmitted by the ring.
Rotational slip will occur if the resultant torque between the components exceeds a threshold value.
Likewise, linear movement of either component will produce similar linear movement in the outer

35  component as linear force is transmitted by the ring as long as the resultant linear force is less than the

initial slip force.
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The measured force data may be represented in the form of a graph and the remaining

assembly force determined by analysis of the graph. For example, the portion of the graph representing
the force data from step (c) may be interpreted by generating a best-fit line to determine the assembly

force.

25 The linear movement of the plug or ring gauge in step (c) is preferably 0.1 mm or more. In

preferred embodiments the inner component is a plug gauge and the outer component is a ring gauge.
In a second aspect, a method of process control includes the steps of:

(a) constraining a tolerance ring relative to one of an inner or outer component, the tolerance
ring comprising an annular band of resilient material having a plurality of projections projecting
30  radially therefrom;

(b) moving the other of the inner or outer component with respect to the constrained tolerance

ring so as to compress the projections of the tolerance ring between the inner and outer components;

(c) continuing movement of the inner or outer component, respectively, beyond the tolerance

ring; and
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is preferably 0 1 nmor nore. In preferred enbodi nents the inner conponent

is a plug ga %Qgrntlet 5d 9 ls'lctusesléda tﬁ }?qr%cﬁalll 35 {hﬂ%ogg@llﬁgoqer?nc% Second( a)

aspect, a net rocess con e steqz

constrai wnsﬁrgm%d Wl@h@h@efﬁ?é &aueg 1oghat @P lsedingsdgeg-coieadginciapeden 9bthe e coRitcEr
conponen&nfao% H@vets(ﬁloﬁlroﬁé‘ﬁ& omagleﬁmﬁgﬁlmma;nb@ﬁmhw hﬁlﬁdxﬁfamlﬁle&i || ﬁnt f

mat er avin ur al i O] ecti r.oj,ec adia Lherefrom
(b) W ?ﬁen%@f }??g )rﬁ%“u’?%éac%ﬁ %ﬁl %oveg)llﬁ ™ csénrfc%?fhésn vmogbﬁrelpresen to the
constral qffeldutlf@llélpéwe@ ring so as to conpress the projections of t he

tol erance ring between the inner and outer conponents; ~ ()
conti nui ng mmmho@sftﬁék@cohmﬁg&t mwewatt&ruac@emmmng cbmpRcE tosghigd beyond

thetoler c uir. dto chi eve the

conti nueséf ﬁ%eé‘fngg?é‘% %‘Ee)r el T“ﬁltl“ffé Srrclef)er B e al%scussed above,
t he pl ugcogmmgfémvsmpa@swdi))tm@u@maﬂreﬂol erance ring const rained within the
ring gauge so that the |eading edge, i.e. the advanci ng edge, of the ring

cont gt Surfa%n{eaﬁ&@k&cefhaw&m@dmdep@mmJo@.«ite@mﬂﬁalehmggto the ot her,

but no further. The rce pe as |red to
achi eve ‘fofﬁp%“eWetF%ﬂ{r%e%ow&?%Fa&f r’&%deadgmfg Chime %edﬁneov?néprsée l%atl ve of the
i nitial mséthql rfaginckede determining the ¢skeablyditrbrdyt cdéulatihganssaamadr besplicrce fimnever, t he

travel offRe dﬁp\@op&aﬁﬁgHQQQ&tda!a%a?%gﬂr&m iS@e folAbs al gtrapﬁé'rIdQl{&Q§se1Qﬁy ond the
tolerance ring (ste nd rce requi %g@%ﬁhl eve this

cont i nuelrREIERER f“(“é‘t @f}t f(t 85‘3 t‘gek}ﬂ"lafte(:1 ﬁor |th§ pﬂ‘é‘%"s?fltbéér apll’@ﬁ*”ﬁsgm €4 orce has
been14 oufich ftep (e Adtppatoy, Nigtnethpd oonsdalataking e sinddfercomprasurgnentatpep(drand has
traveled ing, i.e. during the continued novenent

t ep. Th%lg%é&q éﬁﬁg))e/hl?hsg{n%g%ﬁgeterm ning the assenbly force by cal cul ating
an average, or best-fit, force fromthe force data. For exanple, the force
data may be r AR de g cmRoRedat FHy H e théfa@?“é“pﬁ’ﬁthé%emf‘ﬁem‘ﬁﬁ%@ﬂtd’flif or ce
det er m nedelfss anigpréiatds-béyiohd the talragre fieg. atsextthé st abeet, Yyapitingsd nekentehtst igr aph

represe nxttnl%ﬂ Jt Hl% Jogér%?t agg%%8%§g Joﬁ’c[ﬁha%r?& n(oqgmenfoélf l-th%r 5@%&1 ngvett(htﬁe met hod may

i ncl ude sin nmeasur enment his force taken
to bédt h@nﬁ@gle%tﬁllevnqe &g dn step (¢) of thagecend apppd hﬁ’ﬁ?)’le‘h@‘e E’BYPB’GWéSrPPmWé? #fi¥ravel ed to
the far b aeviedcolnp@ett @&se;raaaluaemmgmge tolefan€&QM}; bt e irdvihg @wPbnemdeatdaate | t

protr Udeson'me¥ ofqge tglgre Lal er anctﬁat %e mgvmrﬁ comf)one?tg%tr}vé %&all?%&ggdtan aQXl e ntinued

novenent I'S mean CFH%%’ ?Fle novene I'S"a continuation of
novement of(jl]ie tolprence tipgp dheertent of frave] of ghe g vipgeemponent may be determined by the leading

edge of the mating surface of that component. Thus, step (c) may include continuing movement of the

25  inner or outer component, respectively, so that the leading edge of its mating surface protrudes beyond
the tolerance ring. The mating surface of the moving component is the inner surface (outer component)
or outer surface (inner component) which contacts the tolerance ring during compression of its

projections.

The inner or outer component, respectively, may travel the entire axial extent of the tolerance
30 rihg in step (b), before the continued movement of step (c). Thus, the plug gauge may travel from one

side of the tolerance ring to the other and beyond, all in one continuous movement.
The method of the second aspect may include the step of:
(e) using the force measured at step (d) for process control.

The optional or preferred features described above in relation to the first aspect are equally

35  applicable to the second aspect. In particular, the process control of step (e) of the second aspect may
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20 constrained tolerance ring. In step (c) of the second aspect, however,
the novenent is continued after the noving conponent has travel ed through
t he tol erwocelwismyoso that the novi ng conponent | eaves trhe/n1Bmod/veTeg of the
tolerance ring, i.e. so that the noving conponent protrudes axially beyond
an axial edge of the tolerance ring. The extent of travel of the noving
c ﬁ nMponenhaveay obfe ﬁa@ctn@é.’ dTitHR@Ebc Y conhi@ of@@ldei) gghﬁafgas@&, andde foBcke magusdiatf ace of
t hat component.. Thus, ste c). . may .inclu cont.i nui t he
25i nner ngt?p @E‘iﬁehre SRR Py ger‘}eegsepﬁnfécetdim\l/e rﬁ?a%%%doaf E’g O%te%%a%a}egg%qﬁghégge of its
mat i ng sthefigstaspept ot rudes beyond the tolerance ring. The mating surface of
t he novi ng conponent is the inner surface (outer conponent) or outer
surface (i nnefn LRFARGREN hethddioCRantHEHirdg tderdnberidesihdidedthestaps 6Tg dur i ng
conpression of its projections. The inner or outer conponent,
respegtively, r I i al ¥ h | 30ring in
step (b), be_f_&a?glxrf“]%aé ccéntgll r%_g 5‘%%%%%{0%3?%;%%%&% @)Bfegs‘l' &]}st?bﬁ]%% ug gauge
may traveimoipipgangpalas band ofgpsilieptanatespl pvinge@lupaliyp! praieetives revierars Ay beyond, al |
in one cealfifwous novenent. The method of the second aspect may include the
step of: (e) using the force neasured at step (d) for process control.
The optional qr _prefer L. in: i .0 the first
aspect are Uity ssae R AR R ALKl df S e
process é&emekol of step (e) of the second aspect may have any of the
features of the process control of step (e) of the first aspect, and the
f or ceo measur eg) pérfoshiRPié ghce@fcodtbPniRE onkk s pPLetondayddendrteipd ned and/ or
anal yzedm%l%lfatcﬂlee {O?ra%ger%eaa%gred at step (d) of the first aspect. In a third
aspect, a net 08 T CRENGT act ur i ng tol erance ringsincludes the steps of:
5(a) manufacturing tolerance rings according to a nmanufacturing process,
each t ol er anc& Hithedneawre faresiragirediic aehipngItheconsiprg movenpeads outsiief nat eri al  havi ng
a plural pfefetddhing 194i€ GhddFNse Y Bdnefttrhg ploadd. al | y therefrom (b) selecting a
sanpl e manufactured tol erance ring fromthe tol erance rings manufactured in
step (a); 10( r f.orm t.he.nr S I or
second aspect g}leorﬁ%foﬁ%lag 3%1‘%&%& usg' gsg@mcg%ﬁi(%?ét#%ﬁ%%ﬂ%tﬁ&e%%ﬁsﬁ ol it (d) if
t he Aeasofedmplesttelerarce gog is ynd tp beywifinghepredpferminsAimitued novenent is outside of
predetermned limts, nodifying the manufacturing process. The
met hod may i nefodgieativt &niRtnafgfadsir@Psrodeld)may (eldedhshg(nd yhe @dmihdl Pariitdiad unti| t he
g:_a 23 g[ Z? ﬁl{e (I’%Ilég %}c?ﬁ%g{;tosle%an%g I‘rﬁgls ef‘c(l)r éx%lnﬁg, ?t%? mléfu@e-che&rts.as{ng MretagngQEe I}Mnh‘lgll nt h e
diameter of the manufactured tolerance rings, or increasing or decreasing the height of the projections.

Also proposed, in a fourth aspect, an apparatus for performing process control methods of the

20  first and second aspects includes:
a plug gauge having an outermost mating surface;

a ring-supporting portion including a ring gauge having a bore with an innermost mating
surface for constraining a tolerance ring, the plug gauge being receivable in the bore, and a base which
supports the ring gauge and which has a cavity aligned with an end of the bore and sized to receive the

25  plug gauge if it protrudes from the bore; and

a force meter arranged to measure the force required to move the plug gauge through the bore

of the ring gauge.

The apparatus differs from the known assembly force measurement apparatus discussed above
in that the head of the plug gauge can emerge from the far side of the bore. This enables remaining
30  assembly force — i.e. the force required to move the plug gauge once its head has emerged from the

bore — to be measured.



Modi fication of the manufacturing process may include changi ng the nom nal
paraneters of the manufactured tol erance rings. For exanple, it may include
decr easi /yoanivascz7easi ng t he nom nal di aneter of the nmamrafraBroos/edsiol er ance
rings, or increasing or decreasing the height of the projections.

Al so proposed, in a fourth aspect, an apparatus for perform ng process
control nethots d&ine&Mthz%ﬁﬂgsﬁrfaaMﬂﬁ@m@@dlgaispﬁmkﬁhdnmlmﬁofawpl ug gauge

having an out etracgzge o%%he ore srg'lagthﬁ HetweeB Stiem tlﬁz g%ﬁng an amﬂﬁlar §plﬂpeo %& éfvﬂg oPRL tion

i ncl udi n§ ARe Py I nhernost ing surface for

const r ai vl space mlt@ﬁﬁﬁb@eﬁtiong Preﬁqﬁ@lymneﬂ@r Henibethisleesdn ﬁh%@él?l\?’ﬁ 1 qfA t he bore,
andha bat%@ra%}rﬁ@%e%ﬂ%i@@E&rﬁtr%lﬁ@wftﬂuﬂ\ﬁe gﬁug@p@adrh\e@foye&ldaa&aaox@@w ﬁngf al i gned

wi t t ore and .si ze e if it

pr ot rfﬁ d eglt 8%&81}1'1@1 WesE g),ay gﬁsdae compresseg s¢ tgz%?he\{cger%nce rm& rgmsggel% %1 heasure the

f or ce r egeriemend b¢tweentiv elug brmgqrindborggauge t hrough the bore of the ring gauge.

The apparatus differs fromthe known assenbly force neasurenent apparatus

di scussed aboyg d E;hﬁetbasehﬁ‘efé?mdnapafdebthef@iMﬂoﬂﬁb&aeoaﬁmemérma@&tﬁeromthe far
si de of the bor e. fﬂlg enag tgn&pl ng 30assenbly force - i.e. the force
requi r edPPEEeRERPTP %?”66‘6 ' §fce’ "% head has energed fromthe bore -
to be neasured. The dianeter of the mating surface of the plug gauge is
smal | er t han . Thecfords gt may begfrangadtomegasiug ghesupefrequaedsp mpyrdhebiegauge gHhat hat

bet ween i hemided¥RYond &k bR RS @@Mrﬁse@@aﬁﬁemaﬁmy W]ﬁiﬁd&n@ﬁ Heli@ccanitd| ar space
in the radi.al dlrectlonls in the

kne
radial dPPEEATEReLP méas't‘r?)fhéf (EG@mFei ﬁ‘b‘x%’éﬁ% pae Fatugei sé)nlE SoheP ?ugfsﬁbe gﬁlf hin the
annul ar spaoe.rnghet priopagbsidmsn wfichdts heal brsamcted thepufirdeial fritant afBgborannul ar

space ey, ﬁgey&nbaﬁwmmrh@m%dem%&eamms e, txp{hmp% dYidr ) B Buriadl at | ve
axi al nove bet ween the plug gauge and bore. The cavity in the

base prefodieapieyepidreassgablY 97%6f 0.1 mm or nore, to enable the head of the
pl ug gauge to protrude fromthe bore by at least 0.1 nm , The force neter
‘may be arr ang@kk ring gaveesid bee bifviee ringisupportigpoitioedte prefersbly eeptrhie mpbieess- Jhisge so

t hat 10i EnaﬁFsOJﬁr tﬂgﬁg‘lf 11?1% tB Be,euspff Qldedﬁ& inQaB§ tthftheng galu%ef @f’&ﬁ@mﬁ ku’ﬂﬁbrtmg

Al ternatively, In addition, force neter earraﬁ]gedto nmeasur e
t he for cROTHBERAY P%’&te{cbﬁnﬁiﬁ‘whflﬁ%gweﬁﬁlﬂbﬁﬁﬁ@“ %@W&% 0 TR 98y ond t he
tol er anc&ayalﬂa@atwtelbaé fotnged inf dhOpie@. [FaRirihg @inge and bisé whisepdrate hetarsiiadastr avel ed the

entire ai M. exkaits Apbl p&lagn  BRAE bOnfk AASHLAD 'rfﬁ s Whirfol g dcagd has ener ged

fromthe or ce ter be adapted to neasure
r emathi nghga%éﬁm’wdfoéfﬁce

The ring-supporting portion may include means for restricting axial movement of the
tolerance ring relative to the bore during use. The means may include one or more members extending
;adially inwardly from the mating surface of the bore. The one or more members may project radially
inwardly so as to extend beyond the mating surface of the bore but not as far as the mating surface of

25 the plug gauge, in order to not restrict passage of the plug gauge into the cavity. The one or more
members may include upstanding lip portions at their radially innermost edges, the lip portions being

for locating the end of a tolerance ring.

For example, the ring-supporting portion may include a peripheral shelf or ledge within the
bore. The ledge may support an end of the tolerance ring during use and thereby prevent axial
30  movement in the direction of travel of the plug gauge. The ledge may extend around at least part of the
circumference of the bore. It may extend all the way around the circumference of the bore. The ledge
may have a circumferentially extending lip for locating the end of a tolerance ring on the ledge. The lip

may project upwardly from the radially innermost edge of the ledge.

In embodiments in which the base and ring gauge of the ring-supporting portion are not
35 integrally formed the base may include a cylindrical recess, a radially outer annular portion of the

recess base forming a seat portion in which the ring gauge is seated and a radially inner annular potion
LY
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15The ring gauge and base of the ring-supporting portion are preferably
separate nenbers. This enables off-the-shelf ring gauges to be used, and
al so neansotzbawosiite ri ng gauge of the ring-supporting p@CTiIBIZONeYSiee

i nterchanged with ring gauges with different sized bores. The

ri ng-supporting portion may alternatively be formed in one piece. If the
ring gau&%eaéhtgss bas ﬁ)nﬂih@& ﬁﬁlﬂﬁﬁl@ﬁtﬁlb‘ﬁ%ﬁﬁtﬂg&edgﬁﬁ)ﬁ bpsetingayoldavering. Tecessed seat
portion jn i.ch the rin auge i s. seated. Thi t i serve to
Dol 1 gn PR CAUTES Pl g BRI Ediing Bt ol R BB BSRL ABIRY DTS e
means f othe ledastand moieoting feor thd regeenpasee Firthipfray, the arnplpigy eifgien R #efEPHE ve to the

bore durifghddfLiolerhht® rilE@S: 150RY. THI6dctidl ShdARRIOpro b s ERRbIS 2ty endi ng
radially jn e mating surface of the bore. The one or nore

rdly fromt
menbet s  HEY ﬁ”?tgjﬂé(‘f?‘”t?{ggdl?ea ¥y inwardly so as to extend beyond the mating
surface of the bore but not as far as the mating surface of 25the plug
gauge, in or dBefetret on eittionabiatirpscdesopbes drmrglatianfto thiygboyy nueposskiintys bs #Welsdt he cavity.
The one gGheTRER of R BRSSSHARY atydieuidemeimsiqmndi ng |ip portions at their
radially innernost edges, the |ip portions being for |locating the end of a
tol erance ring. For exanple, the ring-supporting portion nmay include
a peri pher@EF DERERPTION ORETHDRAWINGS t he bore. The | edge may support an end
of the tolerance ring during use and thereby prevent axial 30 novenent in
t he directi onTefprdsénaiielosdé mitte betetndgraotgeand Ehemleedgeatrayneadyangesar ound at

ol P2hahealdi, BT B ENGS SR AOLEmbehyif Pl ond @l | the vy

around t A& EFClnt erence o bore. e a
circunferentially extending lip for locating the end of a tolerance ring on
the | edge. ThEIG { PoruyPIPvis e s camymbrmal lvrdM*SBgﬁlYer?éVO?%PfaW‘s? nehdsPnost edge of
t he | edg®ierance ring; I n enbodi nments in which the base and ri ng gauge of
the ring-supporting portion are not 35integrally formed the base nmay

i nclude a_cylifadlh LGAL . LEEESTm kol At Blelike 241bAhe RN B cRRALAAR Of the
recess base formng a seat portion in Ich the ring gauge 1's seated and a
radi al | yshown&FIGrdhul ar potion of the recess base fornming a
circunferentially extending | edge for supporting a tolerance ring. The base
may incl ude arRIGABEHswaL cl@6-0f ol cowplitydearel thgaranadaved piotif the band diskence of t he
i nner di get 1eVrt11(1)01‘umtspe‘mlmelqg(el_and projecting fromthe recess base. In this
way, the an ufar protrusion’can serve to locate the end of a tolerance ring
on the | edge. The recess and annul ar %r otrusion are preferably axially

5al i gned wi t hFitha shomgppratesfacqopiingig@gmbodiment ofthepresinf dgplogyeiont j onal f eat ur es
described in relation to the above proposals may be applied, either singly
or i n conbi naFi®B shoiv®a @iph ofsE@bly fate (iligpdiagolusis (b)eplotsRhdamstiOEBCRNEAT| ON OF
THE DRAW.NGS [5G . A nder st ood,
and its Hlljnnlgl? %fl}}ée pfluéﬁfmé? oef-sg?(g'rﬁg cg?jgog%lstp%ldgl c%%%%gﬁ%%gﬁ%gﬁ?& %%h%l ﬁose skilled

. J. g !
in tRe adisplasymensfomppends neherpsition eEbepaiingiedss obfbartiggyage relative to agqlgeance  gpoyg g

pl an vi ewhDIonddaicQIWMBRAIHNALaubAdrBIGusk drive pivot nount which includes a
tol erance ring; FIG 2 shows a cross-section taken along the line 2-2

of the hard di rive.pivot npunt s LDuF sk A3 forde, SIOWS @
cl ose-up of tE?g(s)t?gf?%’%Ctlgg?%sé)ﬁl%ﬁnég}a}%saeﬁﬁys? eeled pe‘{r:rlv t of the hard di sk
initial slip force for twenty tolerance ring samples;

FIG. 7 shows a graph of initial slip force plotted against remaining assembly force;
25 FIG. 8 shows a graph of initial slip force plotted against peak assembly force; and

FIGs. 9A-9D show the distribution of measured peak (9A and 9B) and remaining (9C and 9D)
assembly forces, respectively, for passivated (9B and 9D) and unpassivated (9A and 9C) tolerance

rings.

The use of the same reference symbols in different drawings indicates similar or identical

30 items.



drive pivot nount shown in FIG 1; FIG 4 shows apparatus according to an
enbodi ment of the present disclosure; FIG 5 shows a graph of assenbly
force (i nworepavdicad7opounds (1 b)) plotted agai nst di spl acecens2009/m07939 of the
pl ug gauge of FIG 4 and a correspondi ng cross-sectional view showi ng how

t he 20di spl acement corresponds to the position of the | eading edge of the

pl ug gaugerAretRbEy&®RPEOR tol erance ring constrained within the ring gauge
of FIG 4, FIG 6 shows a direct conparison of remaining assenbly

force, peak aggendbys A1 Q6wEharddRd dliRiplvoahoust 3|0,Qvlﬁdhrcﬁlﬁprfs@ fan hkES0 byapic® loer ance
ring sa Bforce plotted

agai nst nlpé]ﬁﬁagﬂeﬂ‘gre‘é’édé‘@r‘?ﬁ*‘vngﬁlwgwgégf ata%@ag%%mé agout haf?fA TRt Tal slip
f orce plogiedshagain®yt. | ppakdeagsaemiropcd i berween dhyaivot 34 and’flmla@32 9 BT show t he

di strd bubd on Q. BAMLES Peak (9A and 9B) and remaining (9C and 9D)
assenbly forces, respectlvely, for passivated (9B and 9D) and unpassi vat ed

(9A and 90 tolerance ri ngs, seo

di fferent dr aWergEoVHoFey eétgméﬁk?ﬁ 4 thSLHG ZBZZIH?FdTgI glg E‘OWS ttﬁ%@m%s a

2010/ 06 12%HRETd dud2ORedtRobsi 3DETA heBleDERBR FHciORe plvot 34 ispegyediThshows a
known haﬂl\%‘c §li &przqé’eé YtaR3b1Y Qlev Dbhiber A?’thlc%' %ﬁ&m&@@%&rﬁaﬁfwfﬂeé%gﬁd apted to

retain magnetic recording disks and pjvot r.ot at abl e on a
bear i ng ¥oblut1Ga2 Bhshews aﬂe’faﬁlPléP%\arféeé"eflP’r‘(&t (&l r%ﬂtﬁe\ﬁnﬁ tﬁu PREY S br ovi des an

i Nt erd eriaged akledve lTat wkencetrhe i bateden 8 oatrrdurfdaeofalrent8dlessleets mematr 48t he arm
rotates aVﬁAdEhQ E%n%%m'%lcé/ %{t}abolﬁ fonﬁecf: 1}1 ﬁ%e c&uﬁﬁaﬂ:%al ﬁ’ou% %STlﬁseig gﬂo%mtnﬁ)k@dgtaﬂl ong t he

line 2-2 ows that the arm3 npri ses
ci rcunf e1F1§Iﬁ Paybersdisan brgeaghaliPIERnT Feg Phadrsgvayes %‘ridﬁFs’v%ﬁ |S‘E?ﬁta"t“ﬁléy BHewdt 34 is
recei vedwithltheringd 40041 laébn@fbgqecr beBi@Sn 1B fotadl slbdve mshigeyemdrairtyefered@l Whi ch i s

coupl ed 15')0 n% B%h q‘Let tolgrgnce l'lrclﬁ 2;1') 1Pta Meg ﬁom Q?e%+%9ﬂ§su%oor b ofF ésﬁ%ent %a{egé-f Suck hows an

exanpl e Sl eeve cati o I vot may not
10i n&l ude Sarmglsfeéwéwhhaﬁéeepmﬂeqﬂafﬁ@emeﬂﬁ’@ Fpe &7 1%%@?11 t’P"nfge eGife &S ur f ace of

t he rot af,abi s%p%ia? Y RpARIAGE gﬁ)%r ARGvE ochd WlGiher S Ukefva0SR 20fre prlag-flimedorf or med in

the circu ere |aI FI G
where i trogT (§‘§ gﬁ%eflﬁtgt)p g s{rg)I a;eq%lgrancse rusl hﬂ)%.\ hasun ormedgeg%ogsl, etvxleghr : dge33 08
subst ant mﬁhbgtmabva\gﬂmnd\lamlab@anwh!g}@rmﬂ regdblls be@wmﬂmm@s@c@n@)@e gdeerf t he

:: IOJI[‘I at g 8' Elg Sk eMe g@?mrqégra@ﬁg/ oﬁﬂwiéﬁmoﬁftﬁ'éuﬂp%b tthth? lc&@ct?tﬁb mﬁEhﬂatIn@| erance
I f'orme rom r
S ucg surface of the housing 36. gunllgr Y, t%g L%or?flgd r%ftglgxls of the tolerance rlhg %( contict e o Qrt materi al

mating surface of the sleeve member 42.

In FIG. 3 it can be seen that rotatable sleeve member 42 comprises an integral spacer element

43 which separates the bearings 40, 41.

FIG. 4 illustrates apparatus according to an embodiment which is suitable for determining

25  whether tolerance rings such as that 20 illustrated in FIG. 3 will provide sufficient resistance to slip
between the outer surface of the rotatable sleeve member 42 and the inner surface of the bore formed in
the circumferential housing 36. The apparatus includes a ring gauge 52 and a plug gauge 54, between
which a tolerance ring 56 is sandwiched to achieve an interference fit. The ring gauge 52 is mounted
on a step platform 58 which is generally annular in shape. The platform 58 has a seat portion 60 which

30 s an annular recess in the upper surface of the platform within which the ring gauge 52 is seated. The
seat portion 60 supports the underside of the ring gauge 52 so that the internal bore of the ring gauge is
aligned with a cylindrical cavity 62 in the platform 58 which serves to allow free passage of the plug
gauge 54 through the platform 58. The platform 58 further includes a ledge 64 which runs around the
periphery of the seat portion 60 and extends above the cavity 62. The ledge 64 supports an end face of

35 the tolerance ring 56 to restrict axial movement of the tolerance ring 56 relative to the ring gauge 52
during use. In this embodiment, the ledge 64 is an extension of, i.e. coplanar with, the seat portion 60,
and also includes a circumferential lip 66 which serves to locate the tolerance ring 56 and further

constrain the tolerance ring 36 to prevent relative axjal movement during the assembly process.
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15as spring steel which has been rolled into an open ring shape or loop in
which the free ends of the rolled strip may be separated by a gap or nmay
overl ap owmeamnaishzn. The waves 28 are press-forned or recrAaBmoseds« ong t he
| ength of the strip. The tolerance ring 20 thus has unfornmed regions

bet ween nei ghbori ng waves 28 and (annul ar shaped) unforned regi ons between
the waves 28 I@-ﬁh‘é atppﬁss of(ﬁe tc'ElHQlc&ﬁﬂ’gi 5B conIﬁiﬁmeH\/&iﬂﬁﬁthQﬁteﬁlﬁlﬂljoe@f theaud al | y

out war dl fromth t c SHBding.20sur face of
t he hou %fong?dmﬁ"}: assem%lﬁ 13? cat?crI orn)rér}g d)?a%x%l 5t8 sS E'Et tﬁerllﬁgga eZII‘ g% C%prl ng 20

cont act thtfha tigistag porticatoD Hg t@%ﬁﬂﬁ@a@e Sofests ¢pethaslp WSM&FIQZ“ Theplig  1h FIG 3
it can tégu g@ﬁ tﬂe}ﬂﬁgveﬁ Qért@éa@sb(iaﬁncﬁéa%@%ﬁlﬁﬁﬂﬁﬁﬁat {st?-lediiﬁl@’mfcé sesandhisd the egral spacer

el enent arates the bearl
apparat dgadla% Edé? ﬁﬁ“ﬁ’é@f Bluga%“%en%%aﬂ?%%ﬁ?"e gsrfhei e'él%rg ke fnt Oljftﬁe t&%%cgm ni ng
25whet hexs abdudnereasfon thé nigsns tish Aalrct hnater (208 shiowh)is tlSPféﬂO aasiu thejagdpl fgegy) | |

provide r§c1‘&fr%dt91n§\;&tthe 'g#%%hk%e%“e@fo%ﬁs‘ﬁ@&ﬁhd‘sQ@enﬂﬂ&tﬁfce sumisace of the
rot at abl e” sl eeve ne he 1 nner surface fodrmad in the

ci r cunf e¥bpfinef thﬁ?fﬁf‘é’%bwgfor%l? def‘?ﬁl@m‘?;{id’ﬁg}o&’%@e Plﬂ’iﬁaﬁ%fesa AR PPR i Sﬁeaeﬁge 52 and a
pl ug gaugmg 5ﬁrpdetb&hmmmaMirﬂ#twatotmIcarsaarmee taldrange 5@ 56. sThssammw thheedl t 0 achi eve
an | ﬁ)t er froeclésg QP A e{n‘alringn ; uelg%r.l:;é xﬁ}% bAFHI Gard &hﬁ ﬁ‘wgPH&TaﬁpanQ NnthSte@Bodhéisf Or m 58

whi ¢ shape. | at f orm 58 has_a sbeat ortion 60

whi ch 30h4 @Sealhlyaﬁhhﬂ cayried i glgyarjaple sneed, a*ﬁlﬁléerphwﬁ%a@é“%rga‘f%m% &8 m wi t hi n

whi ch t h@cddifdGo JenePoidgisseeSRaile dhe rEubs [Fsaitedhnthé presant Gfblistippest s t he
under si g, o LS D025 a0, DAL b8 Wil Roplbaie o he ring gauge

a cy cavil |nt e platform 58 which serves to
al l ow free passage of the plug gauge 54 through the platform58. The
pl atform 58 further includes a | edge 64 which runs around the periphery of
the seat portion 60 and extends above the cavity 62. The | edge 64 supports
an epd face Ufhe%ﬁbﬁ1€fﬂ©|5@]imﬁevﬁriaﬁ@oﬁiﬁssinﬁbl}rmtwﬂdhe(ﬁstdn@lﬁamﬂé)Mt of the
tol er ancge | de is
?c{ {]% 8 u]g éadlg Ke co&-rg R&ﬂﬁlg Eflrpag c@é‘é&:‘ﬁoni%%bm&%ﬁm 'aloﬁgf'

enbodi nen |s a nsi on . CO anar with, the seat
porti on BEhorizesel aisethp ﬁféll’hfﬁ’é@PO&dsdP foe pepftion éﬂft‘q hﬁffd P340 HiRIUE 28R es t o

| ocat e t R £doARERed thBEncE Angd BafinglirhabwCapiettnd 1ok IT6b indl78x ance ring 36 to
prevent relative axial novenent during the assenbly process. WO

2010/ 061270PC1“ | ?2009/ pépw ?ﬁ%la %?&ed@tl%ﬁ\@ﬁ)&%&lﬁﬁg asmﬁatgﬁh@f@gce ring 56

constrai ned vm}f RERE T Nt er nal e ring. gauge 52 fornmed. The
pr eadkenst sp thasity m@dai‘léd%ﬁastméwﬁi agropsherfirs; 8oved PW?%ROH% e ?ﬂeﬁ&géﬁ‘ﬁ@@”& is

Es5 eat ed ‘#h&nhh&ect Ja@c&aa& SR8 fhdnOibr: B Qight (8 shion e FIGCH uiitil RghebB54R.£584 Sromuled ?e | edge
4 as shown_ in FIG u a as

i ndi cat e%‘m? fhe fejegancezine ZO ]Epﬁﬂf’a@( : mt%wg[ %%Z% arlllﬁ7 I%Bresgﬁ% rﬁ?yu%g fOY(l% )Jpgr%lééeél eadi ng
edge 544wl titefendpF theplusarges’ enconmidréd iy @dmga‘%gés)o’ffhe sepedg Ok 19 third 9qrawssfj g

ext ent o{,mjuglgnstlggpggt@gye ring 56 and energes fromthe tolerance ring. A
force nmeter (not shown) is used to neasure the axial force required to nove

the plug gauge, K54, Thj rce i.s kno K . Inthis
embodi ment t he PR IBRE *I‘Vl (?lﬁcpi?%d’ﬁ%%vegog fFREY, ltomwgorc r§1§é %ﬂl%tug gauge 54 at
a const apek spedly farodiathe lfcgceandpmfefti@ﬂemnwé@f@iﬁ Be@bﬁéléatqdéi Htip {is exagiiehe
constrai ped pLaleShAMGEh a'ss@ﬂbl? Brce &4 bScole BinsianthilEoh @@ once the head of the plug

gauge has passed beyond the projections of the tolerance ring, and its movement is no longer affected

by factors related to the interaction between the head of the plug gauge and those projections such as

30 elastic deformation, plastic deformation, roughness and out-of-shape (mis-alignment) effects. They
have also established that the assembly force remains constant when the head of the plug gauge
protrudes from the tolerance ring. In the present embodiment this force, known as the remaining
assembly force, is measured at the substantially flat region of the graph indicated at 73. This is
achieved by interrogating the force measurements taken at displacements between 8.5mm and 8.6mm.

35  However, it can be seen from FIG. 5 that the assembly force becomes substantially constant after the
head of the plug gauge protrudes beyond the third and final row of projections 70c, and that the

remaining assembly force could therefore be measured at any displacement position from the end of the
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10process of assenbling a tolerance ring between hard di sk drive pivot and
arm |In other enbodinents the assenbly may be carried out at a variable
speed, amsotzhm/gelizrg gauge (or ring gauge) may be noved RCTABZHONYTER a
correspondi ng speed profile. The results presented in the present
application were obtained using a Mecnesin Enperor Multitest |Ii force neter
w th a 16Q0NwloO@eediohs onwakas] heudtiggpydiglacdniet poStidiomshetchdofigrtolaticon of
assenbly,; fOa&fgdswncana{;s%egeeé&ay% ! AR b 1GR9 151G BLibiorgaUGE 54
The corre%) Cross-sectional vi fo stance al ong the
hori zont &% la&lie%th%lf TPy e e fEs ponds t o the p05| tion of the head 542,
544 of the plug gauge 54 relative to a constrained tolerance ring 70 haV| ng
three rows of Figr ejhees i @nparibbitof pdd Bssaitly f6Q€ (indichied pla)gndjangeinddsewdly initial ly

osition . Pplel , 20 i.e. so
Ito hat %ts%ﬂcegj&(ﬁ%ﬂ 73)6 Vﬁlghqm%u%g& il Ahp %r%gmgéattéﬁlqgéfof %%gen %14:%’“ pl}lnc% ections 70a.
The pl ugsa@alaigéfhmguh{s FheW tl%%bﬁb@ﬁlsaffar&mé%?ﬁwah‘tmé’ﬁ@% r?“llaé}’r‘ﬁglagﬁlf‘bh( Bfight (as

? govvr; hl N arki hi@ial Sip fd;‘&ttheln thefeSs Be6Reh RdassebBi} f@REQhd iﬂﬁﬁdhﬁ fof2En Eolﬁe(afnplle erance ring

e n t epresent .t

experi en aema{év\ﬁ i ° ’glbg a%fislwen%l fzﬁme aﬁhvéasénﬁ%hc%u%fré}rl”ggj ﬁ‘ ?%é%i ng edges
of the sbtéthnullﬂﬁbﬁlhp éﬂ@ memﬂmS%Wr@fwemfa}ﬂé@tﬁeGﬁbm n@r@glpwmvel y. 25The
prior method (discussed above) of determning initial slip force relies on
the A@mxi mum pem@k. m&@mhé{ dénﬁUnﬁﬁte that tBe cohEl@tlofl‘Bétﬁ&nirdﬂﬁinﬁ@Eﬁéinlﬂ.ﬁ fotcBendpi Nnacl e

of the pea i cat exa e ound. t hat the
assenbl y™'6 lr%%gécﬁhs Sﬁ%né nléanih t aeﬁlirieaalﬁalsvlgﬁﬁ%r o4 m%%ép ?%Flthgghcf W"g the plug
gauge hasitigeds bobe bleyoinepitstremppiog setblyfecegthe d@ﬁﬁéom@Ia@rChlﬁfered Fomgthe st its
movenent giige @p mIdQHQEE fa%fy se&fg%ﬂ)pwonfa@aatgmpr Ohalefletiond he:. &, mn etvs ON

bet ween t he gae and_t hose. ns ) as, 30el astic
def or mat "5, sh%f‘ 5[’§PI°E°"&§"T”§FR‘F8‘H lylf‘Bffg‘Hﬁ%aéasm R e’&fffc"e% PEREIGRY Vit

(m sdal i gabenfit)ine$4 admalng&ﬂbe&yweham@tmislsm est abli shed that the assenbly force
remai ns constant when the head of the plug gauge protrudes fromthe

tol erance ringsldh. éﬂ@o‘p FRSBA bR FRRM TR VarlaldrSor {10 as@&nm%fe@mnea@real?@
remai ni ng assenbly force, is measureg)ﬁat t e substan{obg regl on of

the grapARYvaE; Oéé?tmé’}fs gitolerance spgs Thedars shqw dRabihe y5r23e e s ¥ force
measur e mginde SF1IGa k& AnddB) aidsip ;aavembnwischiethayeeny iBlifman dpaididg @nwheth%hdomever it

can be s I Geerbals S ally
const ant %SB%DE 91?%]1]:{,% %&P@&;d&:ﬂ? gﬁféﬁgghée%b%e?o%?agéggﬂiggn%pﬁgﬂgdhl rd and

fi nalor odposs thffrdéffeéféfei ippdesireile Smé?l’élls P‘ﬁgfablﬁ M BlfEPsiTRg HLEMBPY force coul d

t her ef or gashieiedea Sidte chabthe Ay fachirig bACN@INbe a/sied ds 6don by Esitld e dutof- t he
final row of C ition from
t he end 8¥>cetssh(9ut%1%el oé%ogﬁ@iun?f%}%&gl%e ndrggs Alsl&ﬂ,elgg) bWso%oﬁ)Béﬁg)ggﬁﬂ}ﬂ#ag%§Fl G 5 that
t he maxi meanphatemphdorecds @Eresa@tatm of the F3gmplhy Ereggitind ¥r BeYPtlgher than the
remai ni ng assenbly force. FIG 6 shows a conpari son of peak assenbly force
(indicated at FI‘G@)9caaﬂ@I9m ﬂiaﬁimiﬂa@alﬁxﬁ§aeﬁéblbly taéeds meaffcotadibyqatsivaioato tH8) Wit h

meas PE ed I re‘;'e;[(tén a Lﬂe%k ap sexrgllgl‘g//v Otr‘f'? %\]nf nf:as tﬁedavgrgge%gllle fo{ r%a;ﬁﬂ(@ﬂ&)ﬁbi&‘h%r@er ance ring

sanple e res re s far s cor ati on between
remai ni ng)pepggetﬂylﬂgﬁ sprng befora\EG- PR) il @ﬁer G- |8D? W%Véthnh‘alhth? freree of varigiier fieen peak
assenmbl yqdiaiege@nd initial slip force. For exanple, sanple 6 was found to
exhibit a peak assenbly force which was nuch hi gher than t he ot her sanpl es,

but the initi forcea nag nd to be
wi thi n nor mal ﬁir?ﬁﬁlélf‘%heprfﬁﬁlc Oll?e%r%&o ' IlIJ[t he
cor r el at menvfdomtingeovessesnthd inyenigrsdgvs drvhd ypmfining seahty fores t° be well Wlthm the

30  predetermined upper and lower specification limits.

1e se%sho?p?er ce r n% ﬁ

:.‘

In a first sample set the mean and median average values for assembly force were centered
around the mid-point between the upper and lower specification limits, but the assembly force data was
not evenly distributed about a standard normal distribution as one would wish. This distribution
resulted in a relatively low value for Ppk (Process Performance Index, which provides a measure of

35  how well the process has performed based on the given data sample), 1.78, but a high value for Cpk

(Process Capability Index, which provides a measure of how well the process is performing, and will
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initial slip force is stronger than that between peak assenbly force and
initial slip. In FIG 7, showing initial slip force plotted agai nst

remai ni ngwaeswnisly7of orce, the data points are clusteredraraBprndpdresdbest -fit
line 82, indicating a fairly strong proportional relationship. On the other
hand, FIG 8, which shows initial slip force plotted agai nst peak assenbly
force, thginglab perReh Misivelo@s 6&8k) BreRdickkdtiet ihsdal-yamaboditridboheuiest - fit |ine

84, indicating.only a relati hi p. E 9A- 9D show tol erance
bars i ndFER ‘iagﬁnﬁr%h%e\s/aé‘%plegﬁ?%%ndg}fm tg%ghegg’gees%?sf e*lgéngg%ed'rreasur ed for a number
of sanples of tolerance rings. The bars show that the average val ue for the
peak assenbl yin# erend squmpiecst thegpmairie a%}lblaﬁﬁcetdﬁéwégr?‘t?ﬂ}ﬁtm‘ﬁ?}e%?"gﬂ’eintea“may vary
i's differenlaAensnsd hg R WiRtNRKe skdiRd bkl ABD&er shétsatioaligit JBEN passi vat ed
(FIG_9B) or  have t been sj yat El i . 20above, this
di f f &r erftBligdd rﬁlﬁtﬂvtgg’iq‘?v%a?u s @Fg el‘llyzt an?igplérl 'é&g}ﬂg@?fgt@%ﬂtgée:‘%g?ﬁ%@%ge rings
bef or e tineyenimde indistsy thas the dro¢asois ausentrelebyt Hat adiupfmeniismesdette alien My 2p¥BEess can be
adj ust ed,ASmeRORitdie RRSKLONE mAf Jofl beRftedls otk OBRESpMuisH Meispf cont r ol
limts) tolerance ring is discovered) but also inportant to ensure that the
measured assenbly force is representative of the assenbly force exhibited
after passivation. FIGs. 9C and 9D show that remai ning assenbly force is
not affected by passivation to the 25sane extent as peak assenbly force.
Not only is the average value for remaining assenbly force approxi mately
the sane before (FIG 9C) and after (FIG 9D) passivation, but the degree
of variation is not increased. I n appl ying the process control

met hod to sanple sets of tolerance rings fromtwo different manufacturing
processes, the inventors have found renaining assenbly forces to be well

Wi thin the 30predeterm ned upper and | ower specification |imts. In a
first sanple set the nean and nedi an average val ues for assenbly force were
centered around the m d-point between the upper and | ower specification
limts, but the assenbly force data was not evenly distributed about a
standard nornal distribution as one would wi sh. This distribution resulted
inarelatively | owvalue for Ppk (Process Performance |Index, which

provi des a neasure of 35how well the process has perfornmed based on the

gi ven data sanple), 1.78, but a high value for Cpk (Process Capability

| ndex, which provides a neasure of how well the process is performng, and
will WD 2010/ 061270PCT/ 1 B2009/ 007542 continue to perform relative to its
targets), 2.44, indicated that this non-standard distribution would not be
replicated in future sanpled data and thus that the process was well
controll ed. In a second sanple set the remaining assenbly force data
was wel | distributed about the nean and nedi an averages, but these averages
were skewed towards the | ower specification limt. This 5 resulted in
relatively |l ow values for Cpk, 1.42, and Ppk, 1.11, but the fact that these
values are simlar in magnitude indicates that the process is in control,
but that adjustnent is needed to align the average performance wth the
target (i.e. the m d-point between the upper and | ower specification
limts).
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WHAT IS CLAIMED 1S: 1. A method of process control conprising: (a)
constraining a tolerance ring relative to one of an inner and an outer
conponentwotzbm/dsod7er ance ring conpri sing an annul ar bana#CofiBzeewd7sent
material having a plurality of projections projecting radially therefrom
(b) nmoving the other of the inner or outer conponent axially with respect
to the constrained tolerance ring so as to conpress the projections of the
t ol er ancwHAMIg ChatwRERElS: t he | nner and outer conponents; (c) continuing
novenent of the inner or outer conponent, respectively, beyond the

proj ections; 1(g)nemwokeggcoﬁm§%ﬁgm{geqw red to achieve the contl nued

novenent at step (c); (e) using the force nmeasured at step (d) for
process contr & °°n?ramﬂgﬁfé’ﬂefi’6€?r§éf?&ﬁ“}ﬁtﬂ©net°6 anipngr gRd o O‘F?EF?HI"’PQ’F“E r| sing: (d')
repeating st epre@)ing confptljind @rneBClnmdbf rasiliphtutagtizlhyvingfa phieatiploé t ol er ance

rings, whereip ng the forces neasured at step (d) for
each of the gO%%tSRSp&ﬁQCt gdl ??%gefsﬂ process control. 3. A nethod

according to @I)@PYWgZhe Wé‘?fél?eﬁnnélt%ﬁmfféymﬁoﬁ?f’lt ededlx Wik TerRSe A AroRYERtS t i cal

anal ysis on tk@&raﬁ&rrﬁlgso ARABHPEd thdhrofbifs (e tfl@inceatfbewkenttitansampl

tol erance ri nghﬁercom A e thod according to claim3, wherein step (e)

i ncl udes conpl b rbcess control chart including the forces neasured at
step (d) for @amtmﬂngmée@a%theﬂm@Ioéquﬁn?,(éﬂPPlileﬁ@%eSPeﬁ“’eAbPﬁ@P%@?j according to
claim1, whergifcdohg force measured at step (d) is a force required to

achieve the c t| nue venment. o a_const ant eed. 6. A nethod
according to gdlg%eWTgagﬂ%e?feqimﬁed&aecgev(eZl? Cg?% Pe%cfi“éwem St?ﬁqrc'?i ng an assenbly
force from t hé)miasherferck resuced aidhtep &1) &mdropsss ¢ogirdlhi s assenbl y force for

process control. 7. A nethod according to claim®6, wherein step (e)

i ncl udes usi ng predeterm ned correl ati on between assenbly force and
initial slip Pof&sthedreepsdingtoflp hniyeien e P assenbl y force corresponds to
an initial sl réeime steys (d) todyForeddtops prinnalitg of sinplé ®leraBce ridgsiret hod according to

claimé6, wher %é}eugﬁéa{ﬁgqﬁcmd glsﬂé]tlpéaﬁﬁ srméaé{lreffdg{ scfe% (ﬁ%r%&cﬂ Bt t(lees)amblgd udes

cal cul ati ng an aver orce fromt force data neasured in
step (d). 9. tokrwfﬁéﬁfo%ﬁcﬁﬁsd?nﬁgl to claiml1, wherein the inner or outer
conponent noved at step (b) includes a mating surface that contacts and

ARG RERE XEE P HPERTaL R T R R

the forces measured at step (d) for each of the sample tolerance rings.

4. A method according to claim 3, wherein step (¢) includes compiling a process control chart

including the forces measured at step (d) for each of the sample tolerance rings.

5. A method according to claim 1, wherein the force measured at step (d) is a force required

to achieve the continued movement of step (c) at a constant speed.

6. A method according to claim 1, wherein step (¢) includes determining an assembly force

from the measured force data and using this assembly force for process control.
7. A method according to claim 6, wherein step (e) includes using a predetermined correlation
between assembly force and initial slip force to determine whether the assembly force

corresponds to an initial slip force within predetermined limits.

8. A method according to claim 6, wherein determining an assembly force in step (¢) includes

calculating an average or best-fit force from the force data measured in step (d).
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conponent, respectively, so that the |eading edge of the mating surface
protrudes beyond the projections in the direction of travel of the inner or
out er comporeres1ZZ@. A net hod of process control i ncl udiPog/1BIey/si7e4es of :
(a) constraining a tolerance ring relative to one of an inner or outer
conponent, the tolerance ring conprising an annul ar band of resilient
material havi r9g Aangod r@brilinyto ofainpl, Gheeit the inger|or @fiee ctnipmggnireateddt btyp bher ef r om

(b) noving th(?nc%&% aglflg SfERe } !hﬁ@@t{tacg n@&ﬁ%ﬁélat@g W@l@ﬁna@ﬁh@&uhﬂ t’ﬂétt h respect
to the constral ned toI erance ring as . to conpress the Fro ectlons of the

tol erance ri nanB%’P%é‘HWthémFt%@}mﬂWGS ‘i?ﬁtlnﬁ’tngE‘BYfﬁ’Bli‘ﬁ@m‘%mer "*Eont i nui ng
nmovenment of t hemponeerespictively] s thaCerpaingrige of eepadE surddeyprotindy deydnd thee

t ol erance r|n g force Lequt.ed. for continuing
novenent . q’ﬁje%p&ﬁméﬁp F%ngﬁéj%%?ﬁﬁer?% 1foomgetr a&r’lﬁéﬂe0 érlll ngs, the nethod

i ncl udi ng the steps of. (a) manufacturing tol erance rings according to a

manuf act uri ng 1prg(ﬁ@§15do@a,eggsgogdr&mma@gtﬁ“?@s@ﬁmpri sing an annul ar band of

resilient mat r|aI havi rojecti roj ect radlally

t her ef r om 3) se‘iraé%?gia ge%mg%F & ¥°°n °f% ﬁll‘rneer ' u%lr rrpﬁ%et I&I ??ge fom t he

tol erance ri ng@g pranprifingcangniatdr hand sftr@plelqta)afeﬂal@@’)ﬂg@@h@ﬂltyazfprpmgwaﬂ t ol erance

ring relative ;cgkc%qaﬁuyg,@reﬁ&per and an outer corrponent the tolerance ring

conprising an annul ar resilient mater.i vﬁ%\?w ngPﬁﬁpl ural i ty of

o orecti ons piBBeE RoRagr & Pyt BiruieE B e WG HEof e

i nner or out enclgarpomsnts taxdmgkdsythaprojbrtipe optbetletance rihgbetwras e mbaredt t ol er ance

ring so as to GRMRLESEihe projections of the tolerance ring between the

i nner and out er conponents; &F&f conti nui ng novenent of the inner or outer

component, r eéﬁé&‘t“?\‘}’éﬂ ‘9°VGIB"é‘§/ IRORIEOT Gite)j CRBROP G Sespectively. brxond (et Hganse f or ce

required to fomhgeehti nuing novenent; and (g) nodifying the manufacturing

process if th (=T i eve the continued novenent is

out si de of prg@reﬁt%gsﬁ}# ggjcf{e%?(gﬁmfgﬁngéﬁ}gg‘gggﬂcont rol apparatus including: a

pl ug gauge having an outernost mating surface; a ring-supporting nenber

including a ri1mgAgamg@ofhtaydf@gmgtb@faﬁce%gshh@ﬂemdam@ruaagmegwgsioﬂg surface for

constr ai ni ngmﬁa)t ol nce bei ng rece le in the bore,
[

and a base ER™S lf %%tf’%ra?%gm i aﬁcé’l% 309%11%1 \aTWAE Bl %gacatoc?éa\r}?etrg al i gned
with an end ofcomyisinger @nlaar@arsllomdhqnunat@@léiawg g Haaljty efgrojratingertoecting pr ot r udes
fromthe bor e ..@Mgmerefrom;

(b) selecting a sample manufactured tolerance ring from the tolerance rings manufactured in

ﬁﬂ( 2

step (a);

(c) constraining a tolerance ring relative to one of an inner and an outer component, the
tolerance ring comprising an annular band of resilient material having a plurality of
projections projecting radially therefrom;

(d) moving the other of the inner or outer component axially with respect to the constrained
tolerance ring so as to compress the projections of the tolerance ring between the inner and
outer components;

(e) continuing movement of the inner or outer component, respectively, beyond the
projections;

(f) measuring a force required to for continuing movement; and

(g) modifying the manufacturing process if the measured force required to achieve the

continued movement is outside of predetermined limits.

12. Process control apparatus including:
a plug gauge having an outermost mating surface;
a ring-supporting member including a ring gauge having a bore with an innermost mating

surface for constraining a tolerance ring, the plug gauge being receivable in the bore, and a
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a force neter arranged to neasure the force required to nove the plug gauge
t hrough the bore of the ring gauge. 13. Process control apparatus

accordi ngvoaoolmmiazrn 12, wherein, if the plug gauge is reeeruBzhop/m7sse bore,

the outernost mating surface of the plug gauge and the innernost surface of
the bore define an annul ar space for receiving and conpressing a tol erance
ring. 14. PreeesiSichGaipbrishe rRp patednd S/hidle ke b chvitgalicfedGrita amend 8f thaveragd n t he

ri ng- supporti ng4 nber. c [LSes, tF’h% ' l.enent for restricting axial
movenent of tHe ggrfcg?’%t%%}g‘g%an%”ﬁeﬁ% |?/(eh%_tng&tb§ee’ ore. 15. Process control
appar at us accefori mefenaangpdip measre et airediempieskiaiig g2uer BrEs CHpr i ses one
or nore nenbegshph@pfed i ng radially inwardly fromthe innernost mating
surface of the bore.

13. Process control apparatus according to claim 12, wherein, if the plug gauge is received in

the bore, the outermost mating surface of the plug gauge and the innermost surface of the bore

define an annular space for receiving and compressing a tolerance ring.

14. Process control apparatus according to claim 13, wherein the ring-supporting member
comprises a blocking element for restricting axial movement of the tolerance ring relative to

the bore.
15. Process control apparatus according to claim 14, wherein the blocking element comprises

one or more members projecting radially inwardly from the innermost mating surface of the

bore.
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